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1. 

This report consists of an engineering evaluation of OSRD Reports 3348, 

2        3 
3580, and 4396«  An Introduction containing an orienting discussion of the 

general problem of .«sldual stresses end their effects on the nechanlcal 

behavior of weldiaents is followed by detailed suomaries of the above three 

reports« The results and conclusions contained in the reports are discussed 

and evaluated In the light of the present literature. 

The following conclusions are reached In this evaluations 

(1) Concerning the effect of residual stress on ballistic perfoxnanee, 

the most significant point in this (and other) reports is that JBOEttllbLl 

nl«stie fcfaaMttm of  a ^lAient oblitaratas anv loclced»ln etresa svst^. 

Fracture of balllstically loaded welded armor in the field la nearly always 

accoopanied by extensive plastic deformation. Therefore, If It can be shewn 

by field tests that deformation precedes fracture, the question of effect of 

locked-in stress becomes relatively uniaportant* 

(2) The subject reports do not give clear-cut answers as to the effect 

of residual stress on performance i nor will these anawers be found In the 

literature. The reason is straightforward. To investigate the effect of a 

1. Nsldabillty of Ccnsnercial Armor Plates A Preliminary Investigation of 
Residual Stress in Welded H-Plate, by R. H. H. Pierce, Jr., and «. G, 
Bens« 
OSRD Report No. 3348, February, 1944 

2« Effect of Locked-Uk> Stresses on Ballistic Performance of Raided Armor • 
Part I, by D. Rosenthal, J. R. Clark, S. 8. Maloof, and John T« Nottan« 
OSHD Report No* 3580, April 18, 1944. 

t 
D 

3.   Effect of Locked-Uja Stresses en the Balliatic Psrfoxmance of Ntlded 
Part II, by John T. Norton, D. Rosenthal, end S. B. Maloof«   
OSRD Report No« 4396, November 24, 1944. iea_ 
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paxaaeter (residual stress in this Instance) means must be found to vary 

this parameter while holding everything else of unknown effect constant« 

Nobody has yet succeeded in doing this because (a) residual stress of yield» 

point magnitude is always attained In a weldment of significant sizei (b) 

variation of this stress level by post-weld thermal treatments introduces 

metallurgical variables of indeterminate magnitude { (c) variation of the 

residual stress level by post-weld straining Induces strain-aging and age- 

hardening factors of unknown effect« 

(3) The metallurgical effects of post-weld thermal treatments appear 

to outweigh the effect of these treatments on residual stress levels« 

(4) If research on the effect of residual stress on ballistic perfor- 

mance is to be continued, it is strongly reconnended that specimen geometry, 

test tmaperature, and loading rates be devised such that failures involving 

no plastic def omation are induced« While such tests may have no obvious 

practical application, it is felt that no other conditions of test can lead 

to significant answers. 

(5) From the practical standpoint of building armored equipment, eon» 

sideration should be given to changing process schedules so that facilities 

now devoted to or Intended for stress-relieving the final weldment can be 

ussd for intermediate stress relief of the partly welded units« There it 

ample evidence that intermediate stress relief lessens cracking during weld» 

ing, and no clear-cut evidence that post-weld stress relief iaproves 

weldment perf oomsnee« 

1« "The Welding of Heavy Sections," by W. Sj^raragen and M« A« Cocdovi, 
Holding Research Sn)plement-369 S • 386 • S« August, 1904. 
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II.    ^ntrodttctiom 

In published literature surveys (I)1 and lists of fundamental research 

problems (2), emphasis Is placed on the need for basic data on residual weld 

stresses.   Due to the lack of such date the major questions in this field are 

to a large extent unresolved.    The Importance of those questions becomes 

obvious when it is realized that they are intimately related to the problem 

of weldability, which, in turn involves the joinability and performance of 

weldments.   Considered in all their aspects, no more practical end economically 

important problems than these exist for the welding engineer. 

Joinability is defined as the degree of soundness of a metal after being 

subjected to a given welding procedure, and the degree of soundness depends 

upon the presence or absence of defects, which may be of four types: weld 

metal cracks, base metal cracks, weld metal porosity, and weld metal inclusionsO). 

Joinability is thus an indication of what has happened during the welding 

operation.   Joinability is usually2 established (although not necessarily 

known until the proper inspection of the weldment has been made), once the 

welding operation (including subsequent heat treatmsnt, if any) is over, and 

the weldment has returned to ambient temperature throughout. 

The other aspect of weldabillty, the performance of a weld or weldment, 

is defined In terms of its mechanical behavior after welding is completed, 

relative to the mechanical behavior of its prime plate before welding (3). 

Thus, while joinability is almost exclusively of interest to the welder and 

welding engineer, performance concerns the design engineer, the testing 

t 
1. Numbers in parentheses refer to the bibliography at the end of this report. 

2. This implication of a case where it may not be will be made clear in the 
subsequent discussion of aging phenomena. 

:-j^g; jiy^iifiiilMijfiratia Mwaffai cm t 1 
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engineer, and the user, as well. 

The above definitions seem distinct and separate, but before going on, 

it should be pointed out that whe*« aging phenomena occur after welding, there 

Is a possibility of some confusion arising. In certain cases, aging phenoaena 

which cause a loss of local ductility in a weld after welding Is conpleted asy 

result in the formation of weld or base metal cracks. These may not occur until 

considerable time has elapsed after welding, but, nevertheless they will be due 

to phenomena arising during welding. Thus it would seem that such cracks should 

be considered as an indication of jolnability, but the situation is not so 

clear-cut if the cracks due to aging do not occur until the weldment has been 

placed in service or subjected to performance tests, and failure is caused by« 

or aided by, their presence. The reason for bringlag up this point in detail 

here will be brought out in the subsequent discussion of residual stresses and 

weldability. 

The interest in acquiring basic data on residual weld stresses arises from 

the fact that there is no satisfactory answer to the question: to what extent 

and In what manner do residual weld stresses affect weldability? In view of 

the definition of weldability discussed above, in terms of Jolnability and 

performance, it can be seen that this question can best be considered in terms 

of its implications for each of these two separate aspects of the main topic. 

Considering first Jolnability, the only way in which this can be affected 

by stresses is through their effect on the formation of base or weld metal cracks, 

since these are the only two defects Included under soundness, or Jolnability, 

which may be stress-induced. In fact, stresses must be present for them to 

form1. In the absence of external loading, here excluded by definition because 

1. A crack can only form at any temperature in the presence of stress, for its 
formation results in the generation of new surfaces. The energy associated 
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we are not considering performance, the only stresses which can be present 

in any weld or veldment during and until the completion of welding, are residual 

stresses2.    Thus, it follows, that, although one or several of a number of 

possible causes-* may be responsible for their piesence, and their effectiveness 

may be enhanced by one or more of still other fuctors^ which weaken a weldment 

toward their action, residual stresses^ alone are the only ultimate cause of 

base and weld metal cracks formed during welding.    However, the manner in 

which they act and the extent to which they act to cause these cracks, together 

with the influence of the many variables, are not knovn^and only elaborate 

experiments can determine them. 

From this it is clear that the proper evaluation of the role of residual 

stresses in Joinability requires the detailed measurement (preferably throughout 

a weldment) of such stresses as they are formed; that is, as a function of tine 

during the welding operation, until the weldment reaches ambient temperature 

(and longer if aging effects must be included).    The stress distributions so 

determined must be correlated with the initiation and propagation of whatever 

with these surfaces (surface energy) can only be supplied from the elastic 
energy stored in the vicinity of the crack before its formation; this stored 
elastic energy (in terms of an energy density) is the stress at this location. 

2. Here considered to be the resultant stress at any point in the weldment at 
any moment during welding.    Thus it may properly be called a "dynamic residual 
stress" as opposed to the final usually-considered resultant "static residual 
stress" present at the end of the operation.    The term resultant stress here 
includes any reaction (or restraint) stress as a component. 

3. Thermal strains, phase transfonaatlons, etc. 

4. Stress concentrations (including notches, porosity, and inclusions), 
segregation, etc. 

5. That these may or may not have reaction components, or that micro-stress 
effects may cause the cracks does not affect the argument. 

HH . ~iä.;i«-.r,>Ä«*«(-i5 ;-...,;.,,,,. 
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veld and/or base metal cracks form, if any, taking into account, of course, 

the time and temperature at which they appear.  Only In this way can the 

Influence of the many variables be determined and the possibilities for 

controlling and improving the Joinabllity of veldments assessed. 

In view of the obvious experimental difficulties involved in such a 

program as described above, it is not surprising to find that practically no 

data exists for this aspect of the residual weld stress problem. So far as 

can be determined only one investigation in this field has been made. 

Winterton and Wheeler (4) measured the transverse reaction stresses considerably 

removed from the veld during and after the butt welding of laterally-constrained 

mild and alloy steel plates. The sfvere constraint imposed resulted in complete 

failure at the weld when cracking occurred, and the only correlation obtained 

between the stress-time curves and cracking was the obvious complete drop off 

in the curves at failure. A slight dip in the curves was considered to 

correspond to the martensite transformation in the weld zone. The transverse 

restraint stresses recorded were smaller than expected for the fractures which 

occurred. 

A valuable contribution should be made to the Joinabllity weld stress 

problem by the research program in progress at N. I. T., for its purpose in 

part is to determine the effect of restraint on the formation and variation of 

residual stresses during the welding of a high-tensile steel. These measure- 

ments will be correlated with crack formation wherever possible. 

The other great noed for information regarding the effect of residual 

stresses is in the mechanical behavior or performance aspect of weldabllityU). 

1. Thus this problem is similar to the one discussed below, under the role of 
residual stresses in weld performance, where a correlation of stresses with 
brittle fracture is required. Here, however, the fundamentals of the 
formation of cracks at high temperature (hot tearing) must undoubtedly 
also be considered. 
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in spit« of the considerable nuober of researches which have been conducted 

in this field.1(l,5>6l7j 

The problem may conveniently be divided into two categories* Namely, what 

effect do residual weld stresses have upon the behavior of weldeents under 

conditions ofi 

1. Static (or slow) and rapid loading where fracture is preceded by 
considerable plastic deformation? 

2. Static (or olow) and rapid loading uhere fracture is preceded by 
little or no plastic defonnation? 

It is only in the first category that any definite answers seem to be 

available regarding the effect of residual weld stresses, but this is in some 

respects a relatively trivial and economically uninportant case, most «Mid 

failures occurring under the conditions of the second category. The former 

includes, primarily, tituations of service overstreasing, and the remedy is 

usually evident« Even so, misconceptions still exist concerning iti in fact, 

in some aspects it is not fully understood. 

The presence of a residual stress changes the effective proportional limit 

of a weldment during slow loading (6,9,10), beneficially, if the external load 

results in stresses which are locally of opposite sign to the existing residual 

stresses, and vice versa« It has been argued forcefully, but not very 

logically (11) that this is not so, it being maintained that the load- 

deformation curve for a structure containing residual stresses is essentially 

the same as for one without such stresses. Whatever truth is contained in 

such a statement may be attributed to the fact that large overall factors of 

safety (based on the proportional limit} are used in most welded structures 

f 
1« The majority of residual weld stress researches (1) have reported data 

on the measurement of the stresses which exist in conpleted weldments, 
but none on their effect on subsequent performance« 
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and that the onset of plastic deformation tends to reduce or at least obscure 

the residual stress effect. Locally, however, such residual stress effects can 

be considerable^-. 

Before going further, it is relevant to point out the difference between 

so-called ductile and brittle fractures in metal. Both are initiated upon the 

occurrence of a crack in the metal, and, as stated in a footnote earlier in 

this introduction, the presence of an clastic stress field in the surrounding 

region is necessary for such an occurrence. The difference, however, between 

a ductile and a brittle fracture, lies in the manner in which the initiating 

crack is propagated (13). A brittle fracture crack is propagated by the 

continued "release" of the elastic stress field surrounding it, whereas, a 

ductile fracture crack requires plastic deformation work to extend it. The 

surrounding elastic stress energy is generally insufficient to provide the 

latter, so such a ductile fracture crack can propagate only if work is 

continually done by the external forces. 

Continuing with the discussion on the effect of residual weld stresses, 

there seems to be general agreement (5,6,7, 8) that if appreciable plastic 

deformation takes place beyond the proportional limit durli^ slow loading, any 

residual weld stresses initially present in a structure will have no effect 

upon its ultimate failure, whether this failure be evidenced by ductile or 

2 
brittle fracture. That is to say, residual stresses hav« no effect upon 

.' 

1. The position has been restated recently by Yang and associates (12) in 
reference to a welded steel beam: "the factor of safety has always 
included the reduction of load carrying capacity due to residual stresses, 
but the percentage reduction due to (these stresses) has not generally 
been appreciated." < ' 

2. Orowan (13) has pointed out that it is possible for brittle fracture to 
occur following appreciable plastic deformation. 
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the fracturing of raetals v/hen such fracturing Is preceded by considerable 

plcstic deform&tlon. This is so because the plastic deformation obliterates 

the initial residual stresses* 

The situation is not nearly so clear cut for the econoadcally nor« 

inportant case of brittle failure, which has been the subject of to much dis- 

cussion and investigation (la, 13, 14), because it is so significant to tech* 

nology and because it has thus far largely defied understanding« 

The lack of understanding of brittle fracture does not axis« fron any 

dearth of observational data regarding its occurrence, but rather fron the 

apparent inability to perform the definitive experiments necessary to deter* 

mine the basic causes of crack initiation and propagation, especially the 

ion&er. Indeed, it is not certain what these experiments should be, although 

a number of approaches are suggested (la, 2a), unfortunately in rather general 

terns* The difficulties are increased by the number of variables which enter 

the problem (13, 14). 

Thus, for other than conditions of slow loading accompanied by plastic 

deformation, the problem of the effect of residual stresses on the performance 

of weldnents becomes one of deter laing their effect on the initiation and 

propagation? of brittle fracture cracks. To the cooplications discussed above 

are thus added the metallurgical and structural variables inherent in welding 

(13), together with large specimens and complexity of analysis (2a), and the 

approximate nature of the results which currently characterise residual weld 

stress measurements, especially when txiaxial stress distributions*' are invee* 

tigated. 

1* Although recently-presented arguments (la) suggest that this it probably 
not so en a micro-stress scale. 

2« The local values of residual stress and their short-range variation are 
,        probably of greatest importance to the initiation of brittle cracks, Midle 

the values st s dlstsnee, or possibly only the reaction components, may be 
important for crack propagation (2a). 

3. Since it is recognised that brittle fracture is an Indication of the presence 
of local trlaxial stresses (13), fine-scsle three-dlnsnsional residual stress 

sursments are necessary for a proper study of the probleau 
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A. OSRD Rrpnrt Nn.   ^4^1     a PreHndnarv Inveattoatton of Realdnal 
Sttaa in a admd ifcflUte» 

i,   EiaaaEiBantai Prgqraa« 

In order to'atslst in interpreting the results of ballistic tettt* 

of standard welded H-piatcs (36 inches by 36 inches by 1-1/2 inch, over»all) 

of aznor cooposition, the residual stress distribution in one such plate in the 

as-welded condition (nR»27} was deterndnec! in socae detail by a method of MCtion* 

ing the plate by saw cuts in the weld lootal parallel to and inoediately outside 

the heat-affected zone, and away fron the weldsi a disc was also trepanned froa 

the plate. The relief of residual surface strain resulting fron these cuts was 

measured by several different types of strain gages of various sensitivities, 

including SR-4 resistance gages and caliper gages, all of which agreed within 

their respective accuracies whenever their results were coopered. 

Prior to this principal investigation two other tests were made. First, 

an H*plate (NR-17} already fractured adjacent to one leg of the H-weld in a 

ballistic shock test, was sectioned by a series of parallel saw cuts adjacent 

to and along what remained of the cross-bar of the H-weld. Residual strain 

relief on the surface of the cut-away strips was measured by caliper gage« 

Second, each of two H-plates, as welded plate NR-27, to be used in the main 

investigation, and one similar to it except for an added "armor* heat treat- 

ment, NR-28, were supported near their corners, centrally loaded, and the Sus* 

face strains at various locations in the weld metal, both parallel and tzens» 

verse to the legs and cross-bar, measured by SR-4 gages as a function of the 

centrallyapplied load« "Stresscoat" lacquer was also used to detect strains 

I 1« For further details than are presented here, the reader is rsfsrssd to 
the original 06RD reports. 

2« A short tabulation of pertinent data, such as prime plate compositions, 
electrodes, and heat treatments used» etc«, is included at the end of 
saeh experimental program sunmary. 
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in the latter tests. In each case the load was applied In 10,000 lb. incre* 

ments up to 120,000 lb«, then similarly removed, following which a second 

load cycle in 20,000 lb. increments was made. 

TablB I s aOdad H-Platt Psta 

Hate £ito£iümÄJtoIÄ 

NR-17 0.26       0,84     0.021    0.019     0.24   1.01       0.72     0.53     • 

NR-27, Na-28      0.30        0.93     0.026    0.025      0.71     - 0.70     0.20     -        0.09 

Weld Metal 0.12       0.54       - - 0.21    1.72       0.38     0.77   0.12 

fififiittdt*    SW-101 Fcrritic       EathttUM TflBWMtUgt»   350»-400°F 

Plata NB-28 ätauL Heat luaiam Af tw üMdlnai 

3 hours at 1650°?, air cooled. 

2 hours at 1650oF, water quenched. 

3 hours at 1230oF, air cooled. 

H-Welds made by first welding the two legs in succession, than welding 

the cross-bar« The final weld beads were then ground flush on 

both sides of the plates. 

Plate NR-17 made with single-V joints throughout. 

Plates NR-27 and NR-28 made with double-V joints throughout« 

Proportional limit of weld metal m 83,000 psi. 

( 

MmrnmiiiiiiwiilMHiliimn.iM 
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2,  Results; 

The auw-cuttlc^ of the bellisUcelly-fractured H-Plate (NJl-17) 

indicated an average release of tneilc stress in the crossbar weld metal 

of 32,500 psi, in the heat-affected zone of 25,000 pai, and in the adjacent 

plate metal of 5000 psi. 

During the loading of the "amor" heat treuted H-Plate (NR-28) in 

transverse bending the induced strain remained proportional to the applied 

load throughout the range during both load cycles. Since the stress corre- 

sponding to the maximum strain measured was of the order of 53,000 pel, any 

residual tensile stress in the weld metal must have been less than approximate- 

ly 30,000 pel, the difference between the yield point of the weld metal 

(83,000 psi) and the maximum applied stress. In view of the fact that no 

yielding took place. Definite breaks (sudden changes of slope) in some of 

the plots of load vs. induced strain for the first-cycle loading of the as- 

welded H-Plate (NiU27) indicated the beginning of plastic yielding for an 

induced stress as low as 22,900 psi. Thus, by the above reasoning, a 

residual stress of at least 60,500 psi must have been present at the particular 

location, the Junction of the leg and crossbar welds in the direction of the 

leg weld. In this way a transverse stress In the crossbar weld of 50,000 pel 

was Indicated. Upon the first unloading the load-strain plots were straight 

lines with no breaks, showing that certain of the residual stresses had been 

reduced. The second-cycle loading and unloading then followed the straight 

lines corresponding to the first unloading, confirming this. 

The cutting of the as-welded H-Plate (NR-27) by a series of aev cuts aad 

a trepanning resulted in the measurement of a mudatn longitudinal residual 

tensile stress along one leg of the weld of 72,000 psi and along the crossbar 

of the veld of 15,000 psi. Ihe drop-off in stress fro« the welds to the heat 

affected zone end adjacent plate was marked. Transverse tensile stresses 

; 
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existed along the weld crossbar i nd the portion of the weld leg halfway 

between the edge of the plate end the crossbar. 

3. Conclusions: 

e) There is a high longitudinal residual stress along the veld 

in a H-Plate, the maxlimtn value found being of the same order of magnitude 

as the proportional limit of the weld metal. A steep stress gradient exists 

through the heat-affected zone into the plate metal. Definite indications 

existed for considerable transverse weld stresses. Stresses within the veld 

perpendicular to the plate surface probably also exist. 

b) The "armor" type of post-veld beat treatment acts to relieve the 

residual stresse? appreciably. 

c) Since the as-welded H-Pluto residual stress distribution la no 

doubt a function of the welding procedure, an improvement over the somewhat 

random method used for plate NR-27 is suggested for systematic investigation 

of such stresses when the welding procedure is varied; for example,, by using 

a ferritic NRC-2A electrode in one case and a conventional austenitic electrode 

in another. 

B. OSRD Raport No. 3580; Effect of Locked Up Stresses « 
Ballistic Performance of Velded Armor - Part I 

1. Experimental Program; 

Transverse explosive loading was used on several series of armor 

plate specimens, supported as beams in simple bending, to simulate the shook 

loading of ballistic tests. 

a) Prime Plate Taate; 

To separate the effects of the welded Joint fron those due to 

residual stress, and to serve as a basis for the design of the velded test 

specimens, the first test series consisted of preliminary exploaive loading 

experiments on unvelded prime plate. Several sets of specimens 3 inches vide 

7 
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by 10 inches Izng  were cut from armor heat-treeted plate 1-lnch thick; each 

set of at least five duplicate apecimens was further treated as follows before 

testing: 

Set It Surface ground. 

Set 2: Surface ground and stress relieved. 

Set 3: Surface ground, stress relieved, und etched to remove residual 
grinding stresses. 

Set 4: Surface ground, stress relieved, and heated centrolly in a 
resistance welder to induce a local residual stress pattern 
(softening occurred at and slightly below the surf see where 
contact was made with the electrodes). 

Set 5: Surface ground and softened throughout to the minimum hardness 
found in the softened zone of set A, by heating above the stress 
relief temperature used in sets 2,3, and 4. 

The residual stress pattern obtained in set U was found by X-ray measure- 

ment to be one of biaxial tension of about 85,000 psl in the center of each 

surface; like the softened region, the pattern was superficial and did not 

extend much beyond a depth of l/B  inch or radius of 1/2 inch, dropping off 

rapidly from the center to these points. Using an epproacimete method developed 

by Norton and Rosenthal especially for this work, the variation with thickness 

of the residual stress in the direction of thickness was also determined for a 

thermally-stressed specimen like those in set 4, It was found to be a compres- 

sion stress with a maximum value (at the midplane) of -7800 psi (tSOOO pel). 

The specimens were supported at their ends as flat beams and a two-inch 

diameter charge of explosive detonated in the center of the top of each. Charges 

of differing weight were used for each specimen in a set. The first appearance 

of a surface crack was taken as the criterion cf failure and charges above and 

below this value were used. 
■ 

In order to determine the influence of the orientation of the explosion- 

produced crack on its propagation, two sets of 3-inch by lOHLnch by 1-inch thick 
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specimens were cut from A-inch thick blocks of prime plate In such a way that 

the "planes of weukneas" (assumed parallel with the rolling plane) were parallel 

for one set, and perpendicular for the other, to the 3-lnch by 10-inch surface, 

being oriented along the 3'inch wld\.h in both cases. These specimens were sub- 

jected to explosive loading as above and sectioned, 

b) Welded Plate Tests; 

Plates 22 inches long and 6 inches wide were cut from the 

prine armor plate and welded in pairs along the 22~lnch edge using double-V 

butt welds, in most cases with a ferritic electrode while a few welds were 

made with an austenitic electrode. Three explosion tests specimens were out 

from each plate, 3, 5, and 11 inches wide, the weld running along their center« 

la the width direction. The weld beads were not ground flat but left as welded. 

The specimens were further beat treated and divided into sets for explosion 

as follows: 

Set Weld Treatment 

1 Austenitic SW-164 As welded 
2 Ferritic SW-101 As welded 
3 Ferritic SW-101 Axnor treated 
4 Ferritic SW-101 Stress relieved 

The original plates for seta 1 and 2 were stress relieved before welding. 

At least three and often five specimens of each width (3,9,11 laches) wsrs la 

each set. 

The four sets of welded specimens were subjected to the same type of 

explosive loading tests as the prime plate specimens la (a). Xa addition to 

aotiag the charge at which a surface crack appeared, however, aa attempt was 

made by sectioning the specimens to determine the smaller charge necessazy to 

produce the first internal crack. 

By a subdivision method using SR-4 strain gages oa the plat« surfao««, ihm 

residual stress patterns parallel aad perpendicular to the axis of th« we^d 



15. 

f 

were measured for the rdddle portion of Single 3, 5, and li-lnch wide 

specimens of ferritlc as welded set 2, and for one 11-lnch 8peclm«n of 

stress relieved set 4. In preparation for those cages, which were oounted 

on the weld bead itself, the latter was given a flit portion by grinding, 

but not ground flush wdthr the rest of the plate« 

T?bl«. II - Test Plate Data 

Analvia (of 1-inch thick nrime nlate^ t 

0.26    1.65   0.016  0.018   0.19   0.46 

(Notes no an^iy«!» given for 4-1nch thick prime 
plate used in crack orientation tests) 

t SIMOl Ferritic 
SN>164 Auatenitlc 

Wbldlno Prah^ati 350° - 400°? for ferritic welds; none for 
auttenitic welds. 

latoam Tma*mr*tuTmt   3500 - 450oF for ferritic weldej 
200oF max. for auttenitic welds* 

Heat Traataant af>d Reenltant Hardness» 

(a) Prime plate tests» 

Amor heat treatment) 1-1/2 hours at 1625°?, spray 
quench and draw at 860oF for 3 hours, 
air cooled, BHN 352*363. 

Stress relief heat treatments 1/2 hour at 11350F, 
air cooled, BHN 275 

Softening heat treatments 1 Itour at 1250°?, air cooled, 
BHN 220 

(b) «tided plat* tettts 

Amor and stress relief heat treatmentt tame at above« 
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2. flesttlt« 

e) Prin» Plat« Tests: 

Hie overall bending effect of the explosive loading on the 

3-inch by 10-inch by lunch speclaens appeared similar to that caused by a 

local static load of 91,700 lbs.  The nature of the explosive loading 

failure was the same la all five sets of specimens. In order of increasing 

weights of charge: the top surface was Indented; the specimen was beat as 

described above; failure began as an internal -crack directly beneath tks 

explosive block, generally parallel to the bottom face of the speciasB sad 

between 1/4 aod 1/2 inch from the bottom; the internal crack opened wider» 

producing a blister on the bottom of the spscimcm; one end of this blister 

tore through to the bottom producing a surface crack; the entire blister tors 

away (back spell); and, finally, when the charge was large enough, the 

specimen broke in two. 

The surface of the internal crack was granular, as in a brittle fracture, 

while the crack which propagated to the surface appeared smooth sad silk-ilka. 

A grid on the surface of one of the specimens showed considerable plastic 

deformation adjaceat to the surface crack. 

The weights of charge necessary for the appearance of the surface crack 

for the different sets of spseinsne were (in grams, ±10)i 

Set It 120 Set it 130 
Set 2: 190 Set 5: 110 
Set 3» 190 

The corrsspoodiag charge» for the appsaraaco of the iatemal crsoka wra 

aot deteraiaed. Internal cracks were preseat la all «peclaeas tested, dew to 

the lowest charge of 100 grams (used for all 9 sets). 

I 1. lo latsnal cracks occurred during static loading, howevsr. 
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Explosive loading of the orieat&tloB specimens produced internal cxscks 

pa   Olel to the oriented "planes of weakness," at about equal weights of 

charge for the two cases (100 grans).   The crack perpendicular to the surface 

propagated to the surface with no appreciable increase in charge, while the 

parallel crack required JOfi more charge to reach the surface, 

b)    mided Plate Testst 

The nature of the explosive test failures was auch the 

•and in all four sets of specimens.    It was similar to that found in the 

prime plate tests in some particulars, but differed in others.    The indentation 

and beading were quite small, probably due to the reinforcing action of the 

weld bead.    The internal crack was perpeadicular tn the surface {hereafter 

called a transverse crack), originated at the base-veld metal interface near 

thd speoiaen mid plane, and progressed toward the surface along this interface, 

except for the SV-101 ferritlc stress relieved specimens of set 4, where, 

although having the sane origin, it propagated into the weld metal.   When 

the charge was insufficient to propagate the transverse crack to the surface, 

but more than enough to initiate it, another internal crack, similar to that 

In the prime plate tests, developed parallel to the surface in all but the 

SW-L01 ferritic stress relieved specimens of set 4, in which the transverse 

crack propagated to the surface at a very small increase in charge,   for 

specimens in sets 1 end 4 (SW~lo4 austenltic as welded, and SW-101 ferritic 

stress relieved) the surface crack appeared at the boundaiy of the weld, sad 

usually in the weld metal itself for the others.    The bulging of the specimene 

was limited, and complete failure occurred in all 3 and 5-incb specimens with 

no back spelling.    The failure surfaces were primarily brittle in appearance. 

The weights of charge necsssary for the appearance of the internal and surface 

cracks for the different sets of specimens were» 

*Ä.,Äa«Äis*äs* 
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Specimen       Weight .of Charge (graas. ^.10) 
Veld and Trefct.aeat Vjldthj:'      Interm.! Crack      Surface Crack 

1 Auatenltic SW-164 üS welded 3n 115 130 
5n 150 190 

2 Ferritlc SW-101 as welded        3U        110 115 
5,,        130 U0 

3 Ferritlc SW-101 tmor treated 3" 95 105 
5,! 115 135 

4 Ferritlc SW-101 stress relieved 3" 85 85 
5" 90 95 

The subdivisioD method showed that the weld metal and heat affected zone 

In the as-welded ferritlc sy. 101 spsclnoKs, set 2, were generally under unequal 

biaxial tansicna psrallsl^ (longlturiinel) and perpendicular (transverse^) to 

the weld v;hen the average-? stresses across the thickness were considered, the 

stress values dropping rapidly in the base metal.    The values of these stresses 

for the weld centarline and one Inch eway from the centerline, the latter being 
I 

in the heat affected zone, are given below: 

_     fog^dual^Stressee (pfl) 
L^ngitydlnai Trans vsrsfi 

Specimen At center-        1 inch from        At center- 1 inch fro» 
Vfldth line ceftterline lliie ceifterllne 

3" ♦ 2,5CO 0 ♦ 7,000 ♦ 7,000 
y ♦16,000 - 1,000 ♦12,500 ♦lO.OOO 

11" ♦35.000 ♦J&.OOO ^13,500 ♦16,000 

The residual stress measurements correspondiog more nearly to the surface 

1. lbs charges for the 11-inch wide specimens were the same as for the 
5-lnch width for set 1 and only slightly higher for sets 2,3, and 4. 

2. Mote that here the terms parallel end transverse have different 
connotations than when used to describe crack orientation. 

3. Strain gages mounted on full-thickness blocks cut I'ro« the specimens 
were considared to indicate the release of the average stresses; 
these blocks were then cut at their midplanes, and the final gage 
readings considered more nearly es indications of surface stresses. 
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stresses diffs: ~c upprtjiu'cli from the average acrcss the thickneaa, 
i 

tabulated on the previous page, especially at tfap c^nterllne, where biaxial 

ooEpreasion was Indicated, being greetest for the 3 inch-wide specimen. 

These changed to biaxial tension vdth'n 1/4 inch "rom the centerline in most 

cases. 

Compared with those in the as-yelfed plate, the residual stresses 

remaining in the 11-inch stress-relieved plate were negligible. 

3. Conclusions; 

a) Prime Plate Tests; 

The residual stress distribution induced by resistance 

heating had no effect on the behavior of the prime plate in. the explosion 

tests, since it cculd have no effect on the foraation of the initial internal 

crack parallel to the hack face cf the specimen. This crack occurred where the 

cohesive strength of the plate was first exceeded (and where it was a minimum) 

as the initial explosive compression wave in the plate was reflected as a 

tension wave from the back face. It is assumed that this wave traveled across 

the specimen under total lateral constraint, because of the inertia effect, 

leading to what, from the sppe^rance of the surface, seemed to be a brittle 

fracture, although no direct proof of this exists. 

Under these circumstances, the residual stress present could have no effect 

unless It had an appreciable component perpendicular to the crack, for the longi- 

tudinal and transverse components, even if they were large (which they wart not, 

at the location of the crack within the plate), could not have added to or 

detracted fro« the very large (assumed) lateral constraint; and, even though 

the perpendicular component was a compression stress. Its magnitude «as only 

about 8,000 pal, so it could have had no effect. 

( 
1. See footnote 3, p. 18 

■■ 
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The cracV which propagated to the surface und appe&red to be ductile in 

nature could not have beon Influenced by the surface residual stresses, for 

their values were very low in its vicinity.    Further, the plastic flow would 

have removed any residual stresses originally present. 

The occurrence of the internal trnd ourface creeks could not have been 

influenced by the local 8ofteni:ig which occurred during the heating to produce 

the residual stresses, for neither crtick was in the softened area. 

It say appear that the loss in strength oxhibited by the stressed 

specimens (set 4) relative to the stress-relieved sets 2 and 3» night be 

attributed to the local softening, for the specimens softened throughout 

(set 5) were the weakest of all, but armor treated set 1 waa harder than seta 

2 and 3« yet also weaker.    The conclusion reached is that the stress relief 

treatment resulted in "physical properties of the steel (which) give the beat 

balance between the two conflicting characteristics, stress and strain, insofar 

as the surface crack is concerned.    The observed decrease of the amount of 

charge in the stressed specimens may thus be explained as being produced by 

upsetting this balance in the aofteaed area", 

b)   Welded Plate Testa: 

In one-inch thick butt welded armor plate free from lateral 

constraint, the residual veld stresses have no effect on its performance in a 

high velocity explosion test.    If a large reaction component of real dual stress 
j 

. 
exists the results may be different. 

■ 

As la the case of the prime plate specimens, the initiml crack, althot^h 

hare traaaverae to rather than parallel to the surface, waa produced under 

complete lateral constraint, and occurred where the coheaios strength for ttitn 

apeciaens waa lowest, at the weld-beae metal Junction. Alao, aa before, ander 

auch cireumatanees the residual atreaa ayatem can only be effectual la 

lafluenciag the initiation of auch a crack If there ia aa appreciable eoaponaat 
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perpendicular to the plane of the crack.    The largest value of the average 

transverse residual stress determined at the crack location was 12,000 psl 

compression, and deemed probahly insufficient to offset other factors, 

MhfrsM   the variation of this value with width of specimen was too snail to 

affect the results as a function of width. 

The variation of the residual stresses in the thickness direction was 

not investigated in detail, but the fact that the curves for so-called 

average and surface values of the transverse stress crossed at approximately 

the same distance from the ircld centerllne as the crack location, indicates 

that the tranaverce stress at the crack nay not be larger than the average 

value across the thickness, and, hence, also have no effect on the initial 

crack. 

There is little indication of tUe effect of the residual stress «ystsn 

on crack propagation „   This follows from the ohservation that the difference 

in explosive charge required to form a surface crack relative to that for the 

internal crack is larger for the as-welded than for the stress «relieved 

The auetenitic welds were stronger than the ferritio welds under 

explosive loading, whereas the heat-treated ferritic welds wars weakest of all, 

especially the stress-relieved set.   The weld-bass natal junction was the 

weakest spot for all sets of specimens. 

The fact that a greater curplus of charge was required to propagate 

the internal crack to the eurfece in the prime plate specimens then in any 

welded specimen of corresponding width, bears cut the observation found In 

the orientation tests on prime plate, that it is more difficult to propagate 

a parallel than a transverse crack. 

. *tm m—■ 
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C. OSRD BMMfl No. A396; Effect of LockedJp Streases 
on Ballistic Perfonnaace of Welded Araor « Part II 

i.  Exyrfowfad- Pr9«rw» 

In a progr&m like that reported for Part I, tmtt-velded araor 

plate apecimens, prepared with rarioua electrodes and subjected to differing 

beat treatments, were subjected to explosive loading, and their resistance 

to fracture and the nature of the fracture investigated.    Residual veld- 

stress systems were investigated with particular attention being paid to 

the variation of stress in the thickness direction. 

Five sets of 12-inch by 12-inch by 1-inch thick armor plate specimens 

with a double-V butt weld running down the center, were prepared as followst 

Sjjt Weld ICttteBt 

1 
2 
3 
4 
5 

Austenitic 
Austenitic 
Austenitic 
Ferritie NRC-aA 
Ferritic NRC.2A 

As welded 
Stress relieved 
Armor treated 
As welded 
Stress relieved 

! 

The original plates for seta 1 and A were stress-relieved before 

welding. Each set included at least six specimens. 

Explosion test« were run as in Part I, with charge values for the 

internal and surface crack appearances noted. In addition, the three- 

dimensional residual stress patterns were datemined using the Morton and 

Roaenthal technique for as-vclded sets 1 and A» anil for stress-relieved set 5. 

As before, a section perpendicular to the weld in the middle portion of the 

plate was analysed. Tue 11-inch wide ferritic SW-101 as-welded plate, 

partially analysed for residml stresses in Part I, was considered further here 

to determine the distribution across the thickness. Finally, a few stress 

determinations were made on a 25-inch long ferritie MRC-2A as-welded plate to 

obtain some idea of the maximum value of residual stress which can bo expected 

in actual veldaents. 



23. 

j&nalaaüJ (of laJjacb thick mrlae plate)« 

£ üB        £ 5 Ä 
0.26    1.65  0.016  0.018   0.19 

ÜB 

0.48 

(Note» no analysis given for 4-inch thick prime plate 
used in crack orientation tests.) 

Elactrodeai KR02A Ferritic 

Austenitic (no further designation given but no 
doubt is SW-164 electrode used in Part I» at 
data fron the latter are included for cooparl« 
son.) 

Wa^dlpq Prchaati none 

IntWWM Tl i 100° - 320°? for ferritic welds 

100° - 330oF for austenitic «elds 

HMt LttfttMnti« 

Araor heat treatment t   1-1/2 hours at 16250F, spray 
quench and draw at 860oF for 3 hours, 
air-cooled, BW 352-363. 

Stress relief heat treatment i   1/2 hour at 1139°?, 
air-cooled, Em 275 

vi^id Point of Primm n*tmt   "believed to be* about 100,000 psl. 

f 

2« Roaultei 

The behavior of the weldMnts under explosive loading «a« aoaMwhat 

similar to that found in Part X« Surface indentation and a small aaount of 

bending In the weld were observed« The internal crack for the austerdtie 

welds (sets 1, 2, and 3) wss transverse and originated in the «eld metal- 

base-metal junction. At larger charges a parallel crack appeared in the 

bottom half of the specimen and joined the transverse crack, the transverse 
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crack then propnoüting to the surface mostly at the boundory of the ;veld. 

In the ferritlc Nl^O^" welds (sets 4 and 5), hov/ever, the creek originated 

within the weld metal} a transverse crack appeared in the bottom half of 

the specimen for the as-welded plates (set 4), while a more nearly parallel 

crack originated in the weld at the midplane for stress-relieved set 5, 

propagating transversely with larger charges. Failure in these specimens 

progressed with the appearance in the botton half of the weld of parallel 

cracks which Joined the transverse cracks before the latter appeared at the 

surface in the weld metal. Charges sufficiently large for bulging back spall« 

and complete failure were not used. 

The approximate weights of charge necessary for the appearance of the 

internal and surface cracks for the different sets of specimens art tabulated 

below. Figures for the 11-inch ferritlc welds made in Part I are Included 

for comparison. 

Wright of Charat iaamX 
Ssl        Wild ind Hpat Trcatfwnt Inivnäi Qask     surf«^ c?*** 

1 Austenitlc as «elded 130 ♦ 20      200 ♦ 10 
2 "    stress relieved     80 ♦ 20      150 ♦ 5 
3 "    armor treated      80 ♦ 20      130 ♦, 6 

4 Ferritlc NRC-2A as welded     105 ♦ 10       190 j. 10 
5 "    ■  stress relieved 120 ♦ 10       200 ♦ 5 

Fron Part It 

2 Ferritlc SH-lOl as welded     135 £ 10      150 £ 10 
4       mm      ttreM relieved 105 ♦ 10       110 ♦ 10 
3 ••    « axBI0t treated  125110      145 ♦ 10 

Aa in Part It the measurements of the average residual strata through 

the thicknttt of the plate for various distances from the weld center line 

1« True« averages« taking into account the detailed variation through the 
thickness, and not« at in Part I« the avtragtt indicated by turf ace gtgtt 
when full thicknttt blockt were cut out. That there it t difference aty 
be teen by coaparing the figuret for the SUhlOl weld with thott given for 
thtt wsld in Part Ii it «ill be noted that the change It greatett for tht 
trantverte ttrott. 
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showed that unequal longitudinal and transverse tension existed at the weld, 

with the following values for the centerline and one inch fron it in the 

heat-affected zone* 

Bcaldual Stau (nii) 
At center-  1-lnch from    At center*   l»lnch fro« 

Sattlam        line cmterUne Uoe cantBrUnt 
Austenitic at welded  ♦ 61,000    ♦ 8,000      ♦ 2,500     ♦ 8,000 

Ferritic NRC-2A as weld.* 55,000    ♦ 26,000     ♦ 11,000     ♦ 5,00 

Ferritic SW-101 as weld,* 43,000    ♦ 26,000     ♦ 6,000     ♦ 9,000 

Since the yield point of the armor plate is around 100,000 psi, it is 

plain that the above average stresses do not approach It. 

The measurement of the variation of residual stresses through the thickness 

of the weldments revealed that this variation was considerable for both the 

longitudinal and transverse components. In the case of the longitudinal stress 

there Is a relatively snail tension on both faces with a tension peak in the 

interior toward the bottom half of the weld. For the transverse stress the 

small average values tabulated above are the results of zones of high tension 

near the faces and high coopression near the mid-thidcacss» The values are 

tabulated belowt 
Fteilduai Streu (DU) 

Irfinaltudlnal Iximaam 
At weld-»base At weld*base 

Specimen At Centarllne       metal  limet! on At Centerline metal  Junction 
Near      Mid- Near        Mid- 

 Siataa Jjü&^J&tes&Jj&ssivK Surtm Mstom ftirfm ThirimtM 
Austenitic       ♦29,000     ♦77,000     414,000   452,000     +38,000   -48,000       428,000   -29,000 
as-welded 

Ferritic NIC   4239000     486,000     435,000   «76,000     460,000   -58,000       430,000   -29,000 
-2A as-welded 

Ferritic Sl^   418,000     4 76,000   416,000   452,000     449,000   -31,000       422,000   -22,000 
101 as-welded 

25-inch Ferr- 414,000     499,000     428,000   484,000     415,000 -108,000       413,000   «59,000 
tic SW-lOl 
ss welded 
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The stress at the weld centerlinc in the thickness direction was a tension 

stress for the first three specimens tabulated above« with peaks near the odd- 

thickness of +2,500, +8,000, and -«-5,500 psi, respectively« Thus, these art negli- 

gible, especially in view of the accuracy of measurement of *. 4000 psi. 

The residual stresses in the stress relieved NR02A weldnent were negli* 

gible. 

The residual weld stresses have but a minor influence on the perfor» 

aance of one-inch thick butt-welded armor plates free from lateral restraint in a 

high velocity explosion test. Their possible slight influence on internal crack 

initiation has not been proved, and they do not influence the crack propagation. 

Since, because of the asswption of lateral constraint, made as in Part I, 

only an appreciable stress component perpendicular to the direction of the initial 

transverse crack could influence  i formation, only the transverse stresses need 

be considered« From their values through the thickness it is seen that the deleter-* 

ious effect of heat treatment on the explosive test Performance of the auttenitic 

and ferrltlc SW.101 welds might be explained by the removal of the 29,000 psi ceo»* 

pression peeks at mid-thickness of the weld-base metal Junction, while the corres- 

ponding beneficial effect of heat treatment for the ferrltlc NRC-2A weld might be 

due to the removal of the 60,000 psi tension peak near the surface at the center- 

line, these being the respective locations of the initial cracks in these weldnents. 

This seems to be born out for the NRC-2A weld by the change in orientation of the 

initial crack through the heat treatment from transverse to parallel. 

It is felt this benefit of heat treatment for the NRC-2A weld, the only 

one shown in any of the tests, including Part X, shows what at best csn be expected 

of the effect of heat treatment on residual weld stresses in one-inch armor, but 

that the deleterious el feet of heat treatment on the other welds is too Isrge to 

be accounted for by st: ess changes. When the added fact of a decreased surplus 
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charge for crack propagaUon (an indication of increased notch sensitivity) is 

considered! metallurgical changes, possibly carbide precipitation at the «eld- 

base aetal interface, are suspected. In any case, heat treatment of welded amor 

plate nay well do more ham than good. 

Because the failure cracks began in the weld metal rather than at the 

weld-base metal Junction, the ferritic NRC-2A wolds have a relatively stronger 

bund and better hoooge.oity of Joint than the austenitic or ferritic SW-lOl. Thus 

the nature of the welded Joint offers the true explanation of the explosion test 

results. 

The investigation of the residual stresses as a function of thickness 

reveals a nearly biaxial system varying considerably with distance fron the surface. 

A knowledge of this variation has been of more value than the average stresses In 

interpreting the role of residual stress on performance for these weldments. The 

residual stress patterns obtained with the different types of electrode are similar 

in most details and all show stress peaks of about the sane magnitude. 

1 
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iv. &iaaalfliijMd Eyaluattan tiLBsaasto 

Although investlgations such a« thle ^evoted exclusively to the 

measurement of resultant residual i.cld stresses do not by themselves help to 

answer any of the pressing questions of the effect of such stresses on weld» 

ability! they are nevertheless worthy contributions to the literature« As 

more knowledge becomes available on the effect of residual stresses on weld» 

ment performance, certain general principles will become apparent* Once this 

stage of the science is reached, data on the nature and magnitudes of the 

weld stresses which are present will no doubt help considerably to predict 

performance, at least as far as performance Is so affected. In other words, 

the accumulation of such data is part of the progress toward rationality In 

the weld stress problen. 

The welding engineer is also much concerned with the effect of the many 

welding variables on the resultant stresses In a weldment. This can only be 

investigated by the direct measurement and correlation of such stresses with 

the welding procedure used. 

The report being discussed contributes, although only to a limited extent, 

to welding knowledge in the above fields, end is thus of some interest to the 

present welding engineer. An admittedly preliminary survey is made of the 

residual weld stresses in an H»plate and the fact is noted that en •armor* 

heat treatment reduces certain of these stresses to some degree. The value 

of the report will be enhanced when more understanding Is achieved of the 

effect of such residual stresses on performance* In view of the present leek 
• 

of such understanding, the implication, made at one point, that the data may 

aid In the interpretation of ballistic test results on armor plate (presunsbly 

■MMMBfeu« 
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in the fort» of H-platcc), seems sooewhat premature* Quoting no lets of an 

authority than Spraragen in a very recent publication (la)t he "does not 

recall a single instance in which laboratory tests of structural steels have 

demonstrated beyond a shadow of a doubt that there is any significant dif- 

ference in behavior of a structure or specimen with residual stresses and 

one without residual stresses.* His later comments in the same article show 

that this remark refers to structures explosively loaded as well as to static 

loading tests and impact tests at ordinary loading rates. At the time of the 

H-plate tests under consideration, the reports, discussed below in parts (B) 

and (C) of this section, on ballistic-type testing of armor plate had not yet 

appeared, and Mlklowitz (la) finds these the only published results of their 

nature available even now. Thus no known correlation between residual weld 

stresses and performance could have been made at the time, nor, for that matter, 

has such yet been made with any certainty for any conditions of test. It is 

not meant here to belabor this point unduly, but merely to eophasize it, be- 

cause it is not widely appreciated, and because it bears so directly on the 

tests described in the later sections of this report. 

Insofar as it was possible to accomplish the stated objective of ascex» 

taining the order of magnitude of the residual weld stress pattern in a 

welded H-plate uflng only one undamaged test plate, this was done, with con- 

siderable care aril ingenuity being excercised in its achievsnent. As it 

pointed out by tYu authors, a different sequence of sectioning the H-plate 

might have result ixi in somewhat different street valuet for tone locations, but 

one can only agno with their opinion that the differences would probably not 

be great. The method and sequence they suggest in the light of their experi- 

ence seem as much aimed at systemstiiation and convenience as at increased 

accuracy. 
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The fact is established that residual stresses exist in the H-plate of 

the order of magnitude of the proportional limit of the base plate«   Thus 

it would seem that an H-platc   provides one of the most inportant conditions 

for the weldability test it is intended to be (at least as far as require» 

flttnts for this type of test are understood), namely, sufficient constraint 

that so-called "yield point", ori more accurately, proportional limit, 

stresses are set up.   A closer inspection of the data, however, raises s 

question in this regard.   The measured iu-esses which approached the propoc» 

tional limit were located in a leg of the H and not in the cross*bar.   The 

welding sequence used for such a plate specifies that the legs be welded 

first, thus providing the constraints which, it is expected, will cause high 

residual stresses in and near the cross-bar when the latter weld is completed, 

this being the final step in the sequence.   The tests showed, however, that 

the maximum residual stresses in and near the cross-bar weld were consider- 

ably lower than those in one leg.   The significance of this seemingly unex- 

pected result is not clear, for the effect of such residual stresses on 

performance is unknown, as stated above, and if the only constraint require- 

ment for H-plates, etc., is that a proportional limit stress exist somewhere 

in the weldment, then it has little if any significance. 

The (essentially) static bending tests on the as-welded and "amor" heat- 

treated H-plates show that the residual bald stresses are reduced by the 

armor heat treatment.   The full amount of the reduction nay not have been 

shown, however, even for those particular gage locations used, because the 

msximum load was Insufficient to cause yielding.    It can only be said that 

c 
1. Or at least the H-plate tested. 
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at the particular gage subjected to the maximum stress by the bending load» 

the residual stress had been reduced to less than 30,000 psit to less than 

approximately 50,000 psi at the gage subjected to the minimum stress, and to 

intermediate values at the few other locations considered* 

The relief of stress by the armor heat treatment is not surprising, as 

the final step (normalizing by holding at l230oF for 3 hours, thanair cool- 

ing) Is not far removed in its macroscopic aspects from an ordinary stress 

relieving treatment, since at that temperature and tine at temperature stress 

relief would certainly occur, and there is no reason that air cooling, pro* 

vided it is relatively uniform over the surface, would Induce further macro» 

scopic residual stresses* 

It is unfortunate that H-plate NR»17, which had been balllstlcally frac- 

tured before being examined for residual stresses,had not originally been of 

the same composition and welded in the same way^ as plate NR-27, for then a 

better indication of the effect of the ballistic test on the residual stresses 

would have resulted* 

In summary, then, it may be stated that OSRD Report No* 3348 constitutes 

an Interesting and valuable exploratory contribution to residual weld stress 

literature.   It proves that residual stresses of the order of nsgnitude of 

the proportional limit of the prime plate exist in an as-welded axmor steel 

»•plate, and that these are considerably reduced by subjecting the piste to 

(1) plastic deformation and (2) an armor heat treatment*   The full value snd 

practical application of these results, however, must await a future thorough 

understanding of the effect of residual weld stresses on welfeent Performance* 

i 
( 1* It had a single-V wsld throughout, as opposed to the double-V weld ussd 

on piste Na-27* 
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B. OSRD Report No. 358Qt Effect of Lodcad-lfa Stress« on Balllttlc 
Performance of IVcldcd Arraor « Part I 

It would be extremely desirable to be able to state that the above report 

contains conclusive evidence of the effect of residual Meld stresses on the 

ballistic performance of welded azmor* Unfortunately» however, this doss not 

seem to be the case« The authors of the report felt that the experimental 

evidence permitted them to draw the conclusion that no effect of the residual 

stresses was detected under the conditions investigated. However, as pointed 

out in the introduction to the present report (Section II), the whole question 

of the effect of residual stresses on weldnent performance is intimately re» 

Istsd to the problem of the fracturing of metals, and involves all the complex!* 

ties of this problem, especially those connected with the initiation and 

propagation of cracks.1 Although the authors based their explanation of the 

results on what seem at first to be reasonable assvnptions, it is felt here 

that the experimental approach used in the investigation was not sufficiently 

fundamental to the fracture problem to permit a truly proper evaluation of 

the results at the present stage of knowledge in this field. Thus, in this 

respect,2 a final Judgement of the ultimate value of the report must be held 

in abeyance, pending a fuller understanding of fracture phenomena. However, 

it is equally true2 that valuable and inmediately practical, although net 

particularly fundamental, information is presented in the report in regard to 

the effect of the type of weld and its subsequent heat treatment on the very 

I 

1. Reference to the recent and extremely pertinent survey volums edited by 
Osgood (Is) is highly reccmended for the light it will.thro» on the "pwrt 
state of the art- In the field of residual stresses, the nature of, and lack 
of infoxmstlon on, the fracture problfm, and the relation of the two* 

2* as in Part A, above. 

——— in» 
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high-speed impact behavior of double-V butt welds in araor platt« 

To be specific, and referring to the residual stress results« the con- 

clusion that those stresses reported to exist in the welds which «ere tested 

did not affect the performance at very high loading rates was based primrily 

on the following assunptionst only an appreciable tensile cooponent of stress 

perpendicular to the cracks which formed could influence their fozMtloni 

the fracture occurred where the "cohoslvo* strength of the plate« was lowest | 

fracture was initiated by the explosiot^induced tension b&ve which «as re- 

flected from the "back" of the specimen) and» this tension wave traveled across 

the specimen under "total lateral constraint»" this constraint being suffi* 

ciently great to obviate any effects of the transverse and longitudinal stress 

components. Although a logical argument seems to be built on these assimptiont, 

reference to Kblsky,s recent monograph on stress waves in solid media (19)» 

the work of Rinehart and co-workers on the effects of explosive loading on 

metals (16) and the many discussions of the fundamentals of the fracture pro- 

blem (la»14)» suggests that» at the least» these assumptions are open to 

serious question, and that ultimate answers are only to be found by a basic 

approach on the microscopic as well as the macroscopic front» and beginning 

with the most elementary cases. Further» these should probably be started 

with small-scale "laboratory-type* tests^as strongly urged by Miklowits (la) 

and» separately» by Oagood (la)J i static tests should precede «van low>speed 
l 

dynamic teats» and very high-speed iopact tests (exploaive loading) with their 

enormously-increased complexity of interpretation» run only ahan the ptmmmm 

is fully understood for the other speed ranges. 

Before any such real understanding of the effect of residual weld stresses 

on the performance of weldmsnts under explosive loading can be aehiavad» 

answsrs must be found» for exaople» to quaations such as the folloalngi «ith 
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due regard to the realities of the nrf.crostruc^.ure, what are the conditions 

of stress at a point in a metal which give rise to a crack?* | how are these 

conditions affected by strain rate, teotperature, and prior thermal and defor» 

mation history?} what changes in these conditions, if any, are necessary for 

the propagation of a crack (i.e. what is the "latent energy* of crack props» 

gstion?)?! "in what specific cases and to vtet degree, if any, (do) residusl 

stresses and load stresses superpose under high rates of loading?"2! whst, if 

it exists for the aetal under consideration, it the effect on fracture of s 

delsy UM for the initiation of plastic deformation?i "how do tho detsilsd 

weldnent geometry3 and mlcrostructure affect the transmission, reflection, 

and focusing^etc., of explosive-induced stress waves?{ of what significance 

to fracture is the fact that "the velocity of crack propagation it generally 

lower than the velocity of stress propagation" for high-speed impact loading? i 

and others equally difficult to answer experimentally. Thus, it can be seen 

that the problem is a highly complex one, and only by maintaining strict eon* 

trol of all parameters but one and varying the latter in a known way, will 

significant results be obtained« 

The authors of OSRD 3580 could reach no conclusions regarding the offset 

of residual stresses on the propagation to the surface of tho internal parallel 

and transverse cracks which formed in the prime-plUe and ao»weld specimens, 

respectively, for tho accompanying plastic deformation obliterated whatever 

such stresses had existed. This enpliasizes the inportance of attempting to 

I« Campus (Is) states, "it is questionable whether tho cracks hove to bo 
initiated or whsther their beginnings already exist«* (This it not s 
reference to dislocations, but to "effective defects on s Isrgsr seslo/ 

2. MlkloMitz (Is) 

3« It «111 bo recalled that in tho tests dsscribed in OSRD 3960, tho «sld 
beads «ere net removed by grinding, «hsoroas tho prime plot« tostt, off 
course, had no such bosdt. 
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eliminate» insofar as this is possible, at least gross plastic deformation 

front specimens being used in studies of the effect of residual stresses on 

perfoxnance« 

Of interest to the welding engineer is the unequivocal evidence found 

that the welds made with austenitic SW-164 electrodes were stronger balllt* 

tically than those made with ferritic SW->101 electrodes, although admittedly 

any other result would have been surprising. It was also shown that both 

the armor and stress relief heat treatments reduced the strength under explo- 

sive loading of the plates welded with ferritic electrodes i heat treatasnt 

after welding can thus be more detrimental than beneficial under certain 

circumstances, a fact of much practical importance, for the tendency is often 

to post-weld heat treat merely "on general principles*1* 

The weld stress investigation was limited by the lack of infoxaatlon 

about the variation of the residual weld stresses across the plate thickness, 

enphasizing the need for such data In any thick plate residual stress research. 

The realization of this led. In part, to the work reported In OSRD 4396. 

( 
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C« QSBD Report No. 4396i    Effect of lack^Ua StreMM on Balllittc 
Pttfanaancs aL läsÜsäJam - Part II« 

Although soo« «light evidence of the effect of residual weld stresset on 

ballistic performance is claloed in this report, the arguments presented In 

Part B, above» apply here ss well* It can only be «aid that such an effect 

may exist, and that it has not been shown to be ab«ent; until a mors funds* 

mental approach to the problem is made, such evidence must be treated as 

inconclusive» at best. In addition, as the author« admit, there is no con* 

vincing evidence that the effects observed were not entirely the result of 

metallurgical and structural changes, in spits of the change In crack orienta- 

tion which is offered as an important confirming piece of evidence» 

It is appropriate to point out here that all existing three-dimensional 

residual stress measurement techniques are not only complex and tedious in 

application, but» being indirect» can only be approximate and subject to con» 

siderable errors« The tolerances stated in the reports, large as they are» 

may, in fact» be too small. The following canment by Osgood (la) is extrsowly 

pertinent and must be seriously considered if progress is to be mads in 

residual weld stress research« "It is imperative that better and simpler no» 

destructive methods of measuring residual stresses over «mall areas be dsveloped» 

and these methods should not be limited to the measuraasnt of surface stresses« 

The measurement of any property of a aetal which depends on the state of stress 

should be considered a« a potential basis for s method by which residual 

stresses could be determined. * 

On the evidence of the appearance of the first intsmsl crack» the for* 

ritic 8IM01 welds may have been1 stronger than the unheat treated austsnitic 

1« Ths test-rssult tolerances overlsp the comparsd values» so the evldsnos 
might not be conflxmed if move tests wsre run. 

,•« 
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weld«. In the heat-treated condition the evidence for this appears to be 

more convincing« This rather unexpected result is the principal supporting 

evidence used by the authors for their claim of an observed residual stress 

effect, but the many uncontrolled variables in the tests could well bs the 

basis for a different interpretation. 

! 
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